We investigated the utility of 500-bp 16S rRNA gene sequencing for identifying clinically significant species of aerobic actinomycetes. A total of 28 reference strains and 71 clinical isolates that included members of the genera Streptomyces, Gordonia, and Tsukamurella and 10 taxa of Nocardia were studied. Methods of nonsequencing analyses included growth and biochemical analysis, PCR-restriction enzyme analysis of the 439-bp Telenti fragment of the 65 hsp gene, susceptibility testing, and, for selected isolates, high-performance liquid chromatography. Many of the isolates were included in prior taxonomic studies. Sequencing of Nocardia species revealed that members of the group were generally most closely related to the American Type Culture Collection (ATCC) type strains. However, the sequences of Nocardia transvalensis, N. otitidiscaviarum, and N. nova isolates were highly variable; and it is likely that each of these species contains multiple species. We propose that these three species be designated complexes until they are more taxonomically defined. The sequences of several taxa did not match any recognized species. Among other aerobic actinomycetes, each group most closely resembled the associated reference strain, but with some divergence. The study demonstrates the ability of partial 16S rRNA gene sequencing to identify members of the aerobic actinomycetes, but the study also shows that a high degree of sequence divergence exists within many species and that many taxa within the Nocardia spp. are unnamed at present. A major unresolved issue is the type strain of N. asteroides, as the present one (ATCC 19247), chosen before the availability of molecular analysis, does not represent any of the common taxa associated with clinical nocardiosis.
Rapid and accurate identification of aerobic actinomycetes is becoming an increasingly important objective for clinical microbiology laboratories. These organisms, especially Nocardia spp., are more frequently isolated in the laboratory because of their potential to cause infection in the growing immunocompromised patient population. Once Nocardia spp. are isolated, rapid identification of Nocardia spp. is important for two reasons. First, some aerobic actinomycetes, such as Gordonia spp. and Streptomyces spp., are common in the environment and are more likely to be contaminants than true pathogens when they are isolated in the laboratory. This differs from Nocardia sp. isolates, which are often clinically significant. Therefore, rapid identification is important for determining the clinical relevance of an isolate. Second, these organisms differ in their susceptibilities to antimicrobials, and especially for Nocardia spp., species-level identification aids in predicting antimicrobial susceptibility (31) . For example, Nocardia farcinica exhibits variable susceptibility to sulfamethoxazole and is resistant to extended-spectrum cephalosporins, such as cefotaxime and ceftriaxone, whereas N. nova is usually susceptible to these drugs (28) .
Identification of aerobic actinomycetes by conventional biochemical assays requires expertise and time, and newer species such as N. nova can be difficult to separate with accuracy from other related species (28) . These organisms are isolated infrequently enough that it is difficult to develop or maintain technical expertise among laboratory personnel. Since these bacteria are slowly growing, 2 to 4 weeks is required for genuslevel identification and an additional 4 weeks or more is required for species-level identification. Alternative methods of identification, including high-performance liquid chromatography (HPLC) and molecular techniques, have been applied to this group of bacteria (3) . HPLC is limited by the inability to determine a species-level identification. DNA amplification followed by PCR-restriction endonuclease analysis (PRA) of the 65 hsp gene has proven to be a more effective method of rapid identification (22) .
Sequence-based identification is an alternative method of identifying clinical isolates that are either slowly growing or difficult to identify by biochemical profiling. Several reports have described the utility of sequencing a portion of the 16S rRNA gene for identifying clinical isolates of Mycobacterium spp. and other bacteria (for a review, see reference 17). We investigated the utility of 500-bp 16S rRNA gene sequence analysis for the identification of aerobic actinomycete isolates. Since the accuracy of sequence identification is directly dependent upon the sequence database that is queried, we evaluated two databases, the MicroSeq database (Applied Biosystems, Foster City, Calif.) and the GenBank database. The MicroSeq database is a commercial database that primarily consists of sequences of type strains. The GenBank database is a public database that contains a large number of sequences, including 16S rRNA sequences (2) .
MATERIALS AND METHODS

Organisms.
A total of 99 isolates of aerobic actinomycetes from the Mycobacteria Nocardia Laboratory of the University of Texas Health Center at Tyler (UTHCT) were included in this study. These either were obtained directly from the American Type Culture Collection (ATCC; Manassas, Va.) (Table 1) or were taken from the frozen stocks in the UTHCT laboratory that were used as the sources for the strains submitted to ATCC. Several principles dictated what organisms were chosen for sequencing. If an ATCC strain representative of the group was available, especially the type strain, it was included. The remaining isolates were from clinical sources that were well characterized and included examples of any subgroups recognized within the member group. Clinical isolates were submitted for identification and/or susceptibility testing and were then frozen in tryptic soy broth plus 15% glycerol until needed. Most isolates had been used in prior taxonomic studies (22) .
Sixty-one isolates of Nocardia spp. belonging to 10 recognized species and multiple unnamed taxa were chosen for sequencing. Preliminary grouping of isolates in the N. asteroides complex was based on antimicrobial susceptibility patterns, which grouped the isolates into seven drug susceptibility types (29) . Some of these types have been assigned to known species, some have been assigned to complexes, and some have no taxonomic status. Sequence analysis was performed with 41 isolates of the N. asteroides complex. T ) were tested. For the genus Gordonia, the PRA patterns and carbohydrate utilization from mannitol, inositol, sorbitol, and citrate were used for species identification. If the results of both methods matched, an organism was given a species name. If they failed to match, the isolates were designated only to the genus level. Both G. aichiensis and G. sputi had the same PRA pattern, so they were separated only by carbohydrate utilization (unpublished data).
Five clinical strains of Tsukamurella spp., one reference strain of Tsukamurella paurometabola (ATCC 8368 T ), and two reference strains of T. inchonensis (ATCC 700082 T , ATCC 25938) were studied. Isolates of Tsukamurella spp. were evaluated for carbohydrate utilization from mannitol, inositol, sorbitol, trehalose, galactose, rhamnose, xylose, and arabinose. They were also tested for acetamide utilization and growth at 45°C on tryptic soy agar. The PRA patterns of the Tsukamurella strains were compared to those of the five ATCC type strains. By use of these two techniques, all five species gave unique patterns by one or both of these tests.
PRA. PRA of a 439-bp fragment of the 65 hsp gene (the Telenti fragment) was performed as described previously (26) . The amplicon was digested with BstEII, HaeIII, MspI, and BsaHI; and the fragments were separated on 3% MetaPhor agarose gels (FMC Bioproducts, Rockland, Maine). Additional enzymes were used for selected taxa, including the N. transvalensis complex (34) . The sizes of the fragments were estimated on a computerized Bio Image system (Millipore, Bedford, Mass.). The patterns were compared to those published previously (22, 23, 35) as well as unpublished in-house data derived from the ATCC type strain and clinical isolates.
Susceptibility testing. Susceptibility testing was performed by the broth microdilution method in cation-adjusted Mueller-Hinton broth, as recommended by the recent NCCLS guidelines for Nocardia spp. and other aerobic actinomycetes (16). Quality control was performed by susceptibility testing with amoxicillin-clavulanic acid and Staphylococcus aureus ATCC 29213, Mycobacterium peregrinum ATCC 700686, and Enterococcus faecalis ATCC 29212.
Biochemical analysis. Selected taxa were studied for growth and pigmentation, carbohydrate utilization, acetamide utilization, and growth at 45°C at 3 days on tryptic soy agar, as described previously (21, 28, 30, 34) .
16S rDNA extraction, amplification, and sequencing. DNA extracts of the bacteria were prepared by a mechanical disruption method, as described previously (18) . The 5Ј end of the 16S rRNA gene was amplified and sequenced by using reagents from the MicroSeq 500 16S rDNA Bacterial Sequencing kit (Applied Biosystems), as described previously (18, 25) .
DNA sequence data analysis. Sequence data were analyzed with MicroSeq software (version 1.40), as described previously (18) . The unknown sequences were initially compared to all of the sequences in the MicroSeq database (version 0023b) by using the MicroSeq Basic Local Alignment Search Tool (BLAST) (1) . At least 10 database sequences with the fewest sequence differences from the (33) . The sequences of the unknown isolates were also compared to sequences in the GenBank database by using the BLAST program available on the National Center for Biotechnology Information website (www.ncbi.nlm.nih.gov). The GenBank entry with the highest score from the search with the BLAST program was downloaded and trimmed so that the 3Ј end did not extend beyond that of the region sequenced with the MicroSeq kit. The GenBank entry was compared to the unknown sequence by using the Full Alignment Tool of the MicroSeq software.
RESULTS
N. asteroides complex.
On the basis of the findings from a 1988 study (29) , the N. asteroides complex was subclassified into six different drug susceptibility types. This phenotypic subclassification proved to have taxonomic significance. Subsequent studies resulted in the reclassification of isolates with drug susceptibility pattern III as N. nova and isolates with drug susceptibility pattern V as N. farcinica, and isolates with drug susceptibility pattern IV were reclassified as a subgroup of the N. transvalensis complex (28) .
Thirteen of the sequenced isolates belong to the N. asteroides complex and were subclassified by drug susceptibility into three major unnamed groups (group types I, II, and VI). In general, the sequencing data for these three types indicate that isolates belonging to these three groups have 500-bp 16S rRNA gene sequences that are identical or very closely related. All four isolates classified as having the N. asteroides complex type I drug susceptibility pattern had similar biochemical patterns, including positivity for citrate utilization; similar drug susceptibility patterns; and identical PRA patterns (23) . These four isolates also had identical 500-bp 16S rRNA sequences. The sequences did not clearly match any single sequence in the MicroSeq database, but in GenBank there was an exact match with the sequence from the newly described species N. abscessus ( Table 2 , sequence A1) (20) . In fact, reference strain ATCC 23824, which is a drug susceptibility type I isolate by biochemical analysis, susceptibility studies, PRA, and 500-bp 16S rRNA gene sequence analysis, was one of the isolates characterized to define this new species. Thus, it appears that all of these isolates belong to the same species.
There was greater sequence diversity among the N. asteroides complex type II isolates. The four type II isolates had similar drug susceptibility patterns and biochemical profiles and exhibited two PRA patterns. Three of the four isolates that had the same PRA pattern also had very similar sequences, which were most closely related to that of the N. carnea type strain in the MicroSeq database. Sequence A2 was identical to a GenBank sequence identified as N. asteroides, and sequence A3 was identical to a GenBank sequence identified as a Nocardia sp. The isolate with the fourth type II drug susceptibility pattern (sequence A4), which has a PRA pattern different from those of the other three isolates in the group (i.e., the lack of a HinfI site) (23), also had a sequence that differed from those of the other isolates. This sequence most closely matched that of N. nova in the MicroSeq database but was identical to the sequence of a N. paucivorans isolate in the GenBank database as well as the sequence of the N. paucivorans type strain. The N. paucivorans type strain was studied, and it had the same drug susceptibility pattern and biochemical profile as the type II isolates. It also had the same PRA pattern as the fourth type II isolate (sequence A4).
The five N. asteroides complex, drug susceptibility pattern type VI isolates had similar susceptibilities, the same PRA patterns, and similar biochemical profiles except for variable results for citrate, rhamnose, and acetamide utilization. All isolates grew well on tryptic soy agar in 3 days at 45°C. All five of the N. asteroides complex, drug susceptibility pattern VI isolates had the same 500-bp 16S rRNA gene sequence. This sequence ( Table 2 , sequence A5) did not clearly match any single entry in the MicroSeq database (Ͼ1.5% discordance), but their sequences were an exact match to the sequence of a recently described species, N. cyriacigeorgica (37) , which was in the GenBank database but not the MicroSeq database. The type strain of N. cyriacigeorgica was obtained; and its drug susceptibility pattern, biochemical profile, and PRA pattern are the same as those for these five type VI isolates.
N. farcinica. The two clinical isolates of N. farcinica and the two reference strains were the same by phenotypic analysis. They were positive for rhamnose and acetamide utilization, grew in 3 days at 45°C, and were resistant to tobramycin (30) . The isolates also had identical results by 16S rRNA gene sequencing (Table 2 , sequence A8). The GenBank database contains an N. farcinica sequence that exactly matches the sequences of the clinical and reference N. farcinica isolates (0.00% difference for a 477-base sequence of the N. farcinica strain with GenBank accession no. Z36936), yet a GenBank sequence identified as N. otitidiscaviarum received the highest BLAST score. In fact, the N. otitidiscaviarum sequence in GenBank (GenBank accession no. X80611) was also an exact match to the sequences of the clinical N. farcinica isolates. However, according to a phylogenetic analysis based on the 500-bp 16S rRNA gene sequences ( Fig. 1 ), these two species are not closely related. This suggests that the sequence with GenBank accession no. X80611 is misidentified.
N. nova. The nine N. nova isolates gave typical biochemical profiles, including a positive 14-day arylsulfatase utilization test; typical drug susceptibility patterns; and typical mycolic acids by HPLC analysis. According to their PRA patterns, the isolates were identical with the four enzymes tested (BstEII, MspI, HinfI, and BsaHI), as previously described for the species (28) . By fatty acid analysis, however, ATCC 33726 T and ATCC 33727 are known to belong to different groups, designated groups A and B (15) . DNA sequencing of the N. nova isolates produced five unique sequences. The sequences of four clinical isolates were an exact match for the N. nova type strain ATCC 33726 sequence ( Table 2 , sequence A9). The sequences of one clinical isolate and strain ATCC 33727 differed by five bases from this sequence (sequence A12). The sequences of three other clinical isolates differed from the sequence of the type strain by two, three, and five bases, respectively (sequences A10, A29, and A11, respectively). Thus, the 10 N. nova isolates which appeared to differ phenotypically only in their fatty acid profiles (15) differed from type strain ATCC 33726 by 0 to 5 bases by partial 16S rRNA gene sequencing. N. nova sequences A9, A10, and A29 most closely matched the N. nova sequences in the GenBank database. However, sequences A11 and A12 differed by 1 base or were identical to a recently described species, N. veterana (8) . N. transvalensis complex. The N. transvalensis complex isolates have been divided into four subgroups by biochemical testing, HPLC, susceptibility testing, and PRA (34) . N. transvalensis sensu stricto is the group that includes type strain ATCC 6865. Isolates in this group are positive for hypoxanthine, citrate, trehalose, mannitol, galactose, erythritol, adonitol, inositol, and sorbitol utilization. The second group is referred to as N. transvalensis new taxon 1 and differs from the sensu stricto species in being negative for inositol utilization and having a different PRA pattern. The third group is referred to as N. transvalensis new taxon 2 and differs from the sensu stricto group by being negative for inositol, mannitol, and sorbitol utilization and having a unique PRA pattern. The fourth group represents the former N. asteroides complex drug susceptibility type IV and differs from the sensu stricto group by being negative for inositol, mannitol, sorbitol, adonitol, and erythritol utilization and having a unique PRA pattern. It includes strains ATCC 49872 and ATCC 49873. Sequencing of the 16S rRNA gene confirmed the phenotypic and PRA heterogeneity of N. transvalensis and validated its present description as a "complex." As in prior studies (20) , by sequencing, members of each of the four subgroups were more closely related to each other than to members of the other three subgroups. Among the isolates in new taxon 1, two isolates had the same sequence and one isolate differed by 2 bases. They differed by 10 and 8 bases, respectively, from ATCC 6865 T (sensu stricto). Among the isolates in new taxon 2, three of the four isolates had the same sequence and differed by 5 bases T by 4 bases. They differed from three of the four new taxon 2 isolates, however, by only a single base. Thus, the four phenotypic groups presently clustered within the N. transvalensis complex differed by 4 to 10 bases from N. transvalensis ATCC 6865
T by 500-bp 16S rRNA gene sequencing.
N. otitidiscaviarum. Ten N. otitidiscaviarum isolates were studied. Their drug susceptibility patterns and biochemical profiles were similar, but by PRA with the three routine restriction enzymes (BstEII, MspI, and HinfI) (23), three patterns were seen by restriction fragment polymorphism (RFLP) analysis. One pattern was actually a failure to generate an amplicon with the standard primers for two isolates. This RFLP pattern was previously observed with 36% of the N. otitidiscaviarum isolates (23) . Four patterns were seen by use of a fourth enzyme (BsaHI). As noted previously (22, 23) , these patterns are unique for this species. Sequencing identified three groups. Three clinical isolates had the same sequence as the type strain, ATCC 14629 ( Table 2 , sequence A13). These sequences were most closely related to the N. otitidiscaviarum sequences in the MicroSeq and GenBank databases. The remaining six isolates each had a unique sequence. Five of these sequences (sequences A15 to A19) are very similar to each other (0.5 to 6 base differences among the group) but differ from the sequence of ATCC 14629 T by 12.5 to 16.5 bases. These five sequences cluster together in a dendrogram generated by 500-bp 16S rRNA gene sequencing (Fig. 1) . All of these sequences were most closely related to the N. pseudobrasiliensis sequence in the MicroSeq database; however, all but one sequence matched an N. otitidiscaviarum sequence in the GenBank database. The remaining sequence, sequence A14, differed from the ATCC 14629 T sequence by 9 bases and differed from the cluster of five sequences by 14.5 to 16 bases. Sequence A14 actually clustered with the N. pseudobrasiliensis sequences on the dendrogram (Fig. 1) . Neither database contained an N. otitidiscaviarum sequence that most closely matched sequence A14.
We observed several sites of heterogeneity among the sequences of the N. otitidiscaviarum isolates. In other words, single isolates contained multiple 16S rRNA gene copies that differed by 1 or more bases. These sites of heterogeneity were detected in the sequence electropherogram data as overlapping peaks, and these differences are calculated as a fraction of a base difference (e.g., a sequence with a base designated Y [T or C] for one isolate is only 0.5 base different from the sequence of an isolate that consistently has a T at the same position but that is otherwise identical). In addition to these sites of heterogeneity, we found a large degree of sequence diversity among these isolates, the degree of which suggests that some of these isolates may represent new species.
N. brasiliensis and N. pseudobrasiliensis. The sequences of all isolates identified by phenotypic studies and PRA as N. brasiliensis and N. pseudobrasiliensis most closely matched that of the type strain of the same species in the MicroSeq database. However, in some cases there was significant sequence diversity between the sequences of the N. brasiliensis and N. pseudobrasiliensis isolates and the sequence of the type strain (i.e., differences of 0.80 and 1.20%, respectively). A search of the GenBank database produced similar results for the N. brasiliensis, N. pseudobrasilienis, and N. transvalensis complex isolates.
Identification of Actinomadura, Gordonia, Rhodococcus, Streptomyces, and Tsukamurella isolates. Three of the 26 species that constitute the genus Actinomadura are considered clinically relevant: A. madurae, A. pelletieri, and A. latina. The MicroSeq database contains four sequences of Actinomadura species; however, none of them are clinically significant species. Two isolates with a phenotypic identification of A. madurae were sequenced in this study. The closest MicroSeq database entries for these two sequences were the same genus but different species, A. brunnae and A. yumaensis (Table 3) . A search of the GenBank database yielded sequences that were more similar to the sequences of the test isolates than did a search of the MicroSeq database. However, for one isolate, the sequence match in the GenBank database was of a different identified as an unclassified member of the Pseudonocardiaceae family. The GenBank database A. madurae sequence entry, and this entry generated a high ranking score for both queries with the BLAST program, but this entry did not have the highest ranking score because of poor sequence quality at the 5Ј end of the 16S rRNA gene.
All isolates of Gordonia spp., Rodococcus spp., Streptomyces spp., and Tsukamurella spp. were correctly identified to the genus level when the sequences in either the MicroSeq or the GenBank database were searched. In general, the MicroSeq database provided more species information for these isolates than did the GenBank database (Table 3) .
Among the isolates in the genus Gordonia, PRA patterns and carbohydrate utilization identified five G. bronchialis isolates, five G. sputi isolates, two G. aichiensis isolates, and three Gordonia species isolates. Sequencing confirmed the species identifications for all five G. bronchialis isolates, four of five of the G. sputi isolates, and both G. aichiensis isolates. Among the three isolates identified phenotypically as Gordonia species, two were G. bronchialis isolates and one was a G. sputi isolate by sequencing.
One discrepancy between phenotypic identification and sequence identification was noted for the isolates in the genus Gordonia. An isolate identified as G. sputi by carbohydrate utilization studies (positive for mannitol and sorbitol utilization, negative for inositol utilization) had a sequence that was identical to that of G. aichiensis. The 500-bp rRNA gene sequence difference between the G. sputi type strain and the G. aichiensis type strain was 2.5 bases (the 0.5-base difference exists because G. sputi has a G-T polymorphism at a location where the G. aichiensis sequence contains a G). The sequence similarity of the entire 16S rRNA genes of these two species is 99.7%. This is in contrast to the results of DNA-DNA relatedness studies, which indicate only 40% relatedness (14) . These data suggest that 16S rRNA gene sequencing may not be a definitive method for distinguishing between G. sputi and G. aichiensis. However, sequencing does aid in the identification of isolates with indeterminate phenotypic or PRA results.
All five R. equi isolates were accurately identified by use of the sequences in both databases. The MicroSeq database also contains the sequence of the Corynebacterium hoagii type strain, and this sequence is identical to that of the R. equi type strain, which is also in the MicroSeq database. C. hoagii and R. equi belong to the same species and the name C. hoagii is no longer used. Therefore, the C. hoagii sequence should be removed from the MicroSeq database. Sequence-based identification correlated with HPLC-based identification for isolates of the genus Streptomyces. The organisms in the genus Streptomyces were identified to the species level if their PRA patterns matched those of one of the ATCC reference strains. Strains that failed to match were identified only as Streptomyces species. By these methods, the three reference strains each had unique PRA patterns, two clinical isolates had the pattern of S. albus, and three clinical isolates were unique.
Until recently, T. paurametabolum was the only species in the genus Tsukamurella. The genus now consists of five species, and the sequences of all five type strains are in the MicroSeq database (36) . We sequenced eight isolates of Tsukamurella identified as T. paurometabola (one isolate), T. pulmonis (one isolate), T. tyrosinosolovens (four isolates), or T. inchonensis (two isolates) by a combination of phenotypic methods and PRA. The sequence-based identifications obtained by using the MicroSeq database were consistent with the phenotypingand PRA-based identifications for 6 of the isolates. The only perfect matches were for one clinical strain identified as T. pulmonis, the T. inchonensis type strain (ATCC 700082), and ATCC 25938, which was previously named T. paurametabolum but which was recently reported to be a misnamed T. inchonensis isolate (12) . The sequences of two T. tyrosinosolovens isolates, isolates F-5 and F-6 (Table 3) , were equally different from more than one database sequence; and in both cases the T. tyrosinosolovens database entry was not among the closestmatching sequences. These discrepancies could be explained by previous studies, which demonstrated that the entire 16S rRNA gene sequences of Tsukamurella spp. have 99.4% or greater similarity. Despite this similarity in the 16S rRNA sequence, there are significant differences in DNA-DNA relatedness by hybridization studies, and these species are reported to be distinguishable by phenotypic tests (36) . Therefore, 500-bp 16S rRNA gene sequence identification is useful for distinguishing Tsukamurella spp. from isolates of other genera, but this identification method has a limited ability to provide a species-level identification.
DISCUSSION
In this study, we evaluated partial 16S rRNA gene sequences and compared them to the profiles obtained by biochemical analysis, HPLC, fatty acid analysis, drug susceptibility testing, and PRA of the 65 hsp Telenti sequence for identification of isolates of the aerobic actinomycetes. In general, we found that sequence differences correspond to the differences obtained by traditional identification methods. For example, isolates with the N. asteroides complex type I drug susceptibility pattern had the same biochemical pattern and unique PRA patterns, and all had the same 16S rRNA gene sequence. This sequence differs from the sequences of all other Nocardia species by at least 9 bases (1.8%). Figure 1 shows a phylogenetic tree based on the 500-bp 16S rRNA gene sequences of Nocardia sp. isolates. This tree demonstrates that this sequence provides sufficient information to distinguish between species or complexes. This finding is consistent with those in a recent report by Roth et al. (20) , who compared the full 16S rRNA gene sequences (1,500 bp) of 74 Nocardia isolates, and a report by Cloud et al. (5), who compared the 500-bp 16S rRNA gene sequences of 28 reference Nocardia strains.
For the most part, partial 16S rRNA gene sequencing provided sufficient information to identify R. equi isolates, to provide genus-level identifications of Actinomadura spp., and to distinguish among species of Gordonia and Streptomyces. However, the sequencing of the 500-bp fragment demonstrated a limited ability to distinguish among species that share significant 16S rRNA gene sequence similarities yet that differ from each other by overall DNA similarity and phenotypic attributes. Most notably, this was the case for Tsukamurella spp. Since Tsukamurella spp. are uncommon clinical isolates and little is known regarding the differences in clinical significance or antibiotic susceptibilities among the various species, genuslevel identification is usually sufficient for the clinical management of patients.
The primary obstacle to obtaining an accurate sequencebased identification for this group of bacteria is the lack of an adequate database. Both the MicroSeq database and the GenBank database demonstrated limitations. The MicroSeq database is highly accurate because it only contains the sequences of reference isolates. However, not all species examined in this study were represented in the database; and the sequences of many species in Nocardia taxon, which are unnamed at present, are also not represented in the database. In addition, this database contains only one entry per species, which does not take into account the occurrence of intraspecies variability. The GenBank database contains significantly more sequences, but there were also problems generating an identification with the sequences in GenBank. These problems were threefold. First, the database does not contain sequences for many of the species evaluated in this study. Second, the species assignments for the sequences in the database may be incorrect, such as the sequence with GenBank accession no. X80611, which is reported to belong to N. otitidiscaviarum but which is identical to the sequence of N. farcinica. Finally, some of the sequences are of poor quality or of insufficient length (e.g., the 5Ј end of the sequence is missing) and as a result fail to generate sufficient similarity scores during the comparison. Similar problems with the use of these databases were noted when the sequences in the databases were applied to the identification of Mycobacterium spp. (27) . Use of the RIDOM database is promising for the identification of bacteria by 16S rRNA gene sequencing. This database is available to the public, and it contains sequences from well-defined isolates of medically relevant bacteria. At present, the database contains the sequences of a limited number of genera, but Nocardia sequences were recently added (2) . In addition to using these databases, clinical laboratories may wish to build their own databases with sequences that are generated in-house from reference or wellcharacterized isolates. All of the sequences generated from this study were deposited in GenBank (Tables 2 and 3) .
A major observation of this study is the heterogeneity of the 16S rRNA gene sequences within individual Nocardia species, especially N. nova, N. transvalensis, and N. otitidiscaviarum. McNabb et al. (15) recently reported on the results of a large study in which they characterized the fatty acid profiles of 39 type strains and 529 clinical or reference strains of pathogenic VOL. 42, 2004 SEQUENCE-BASED IDENTIFICATION OF AEROBIC ACTINOMYCETES 2537 aerobic actinomycetes using a commercial system (Microbial Identification System; Microbial Identification Inc., Newark, Del.). They identified four subgroups within N. nova, with the two major subgroups represented by ATCC 33726 T and ATCC 33727, respectively. We identified five sequences within N. nova by partial 16S sequencing. These sequences clustered into two major groups (Fig. 1) , and these groups are represented by the same two reference strains. These two groups differed from each other by 5 bases (1.0%) within the first 500 bases. A study by Roth et al. (20) comparing the 16S rRNA gene sequences of Nocardia species also demonstrated sequence heterogeneity among N. nova isolates. A recently described species, N. veterana, has significant sequence similarity to N. nova isolates (8) . In addition, N. veterana and N. nova are indistinguishable by PRA, biochemical analysis, and drug susceptibility testing (19) . A comparison of partial N. nova sequences from this study and the GenBank database, along with N. veterana sequences from the GenBank database, demonstrates two primary clusters (Fig. 2) . As noted before, these sequences cluster around N. nova ATCC 33726 T and N. nova ATCC 33727. It is interesting that three of the four N. veterana isolates have sequences identical to the N. nova ATCC 33727 sequence. Since the characterization of N. veterana did not include this N. nova reference isolate, additional studies are necessary to distinguish the relationship between these two species. Three other sequences were identified, and preliminary collaborative studies by complete 16S rRNA gene sequencing suggest that these sequences represent additional unnamed taxa (Patricia S. Conville, unpublished observations). We propose that the clinical identities of isolates within the N. nova-N. veterana group be reported as N. nova complex until the taxonomy of this group is better established.
McNabb et al. (15) also assessed the fatty acid profiles of 13 N. transvalensis clinical isolates and found that none matched that of ATCC 6865
T and that, with one exception, were so dissimilar that they were unable to group them. Four major FIG. 2. Phlogenetic tree of N. nova and N. veterana sequences. The tree was created by the neighbor-joining method (24) . Where appropriate, the ATCC number, GenBank accession number, or letter designation given to each unique Nocardia sequence from this study (Table 1) is provided.
phenotypic groups were seen in the present study of 13 N. transvalensis isolates, which gave six different sequences, with no sequence matching that of ATCC 6865
T . This molecular heterogeneity supports the continued reporting of isolates in this group as N. transvalensis complex (as recommended previously [34] ) until the taxonomy of this group is better defined.
McNabb et al. (15) also analyzed 20 strains of N. otitidiscaviarum and found them to be heterogeneous. By using three reference strains, including ATCC 14629 T , as representatives of three groups, only six isolates (30%) could be clustered in these groups. In the present study with 10 N. otitidiscaviarum strains, four patterns were identified by PRA, and the 10 isolates gave seven different sequences, with the sequences of only 3 of the 9 clinical isolates (33%) matching that of ATCC 14629
T . Given the molecular heterogeneity of N. otitidiscaviarum, it seems certain that there are multiple other species represented within it. On this basis we propose that clinical N. otitidiscaviarum isolates be called members of the N. otitidiscaviarum complex (as recommended for N. nova, N. transvalensis, and N. asteroides) until the taxonomy of this group is more clearly defined.
In contrast to the results of fatty acid analysis, which demonstrated marked intraspecies variations for the three species mentioned above, the results for isolates of N. farcinica and the predominant group within N. asteroides complex, the group with the type VI drug susceptibility pattern (29) or group B of McNabb et al. (15) , showed that the isolates are highly homogeneous. These two taxa also gave homogeneous sequencing results, with only a single 16S rRNA gene sequence detected for each group. Thus, the results of the study of McNabb et al. (15) , based on fatty acid profiles, strongly support the heterogeneity of N. nova, N. otitidiscaviarum, and N. transvalensis identified by 16S rRNA gene sequencing in the present study, as well as the homogeneity of other groups, such as N. farcinica and the N. asteroides type VI group.
The greatest taxonomic issue raised by this study is which taxa should represent the real N. asteroides. Gordon and Mihm (7) selected ATCC 19247 T as the representative N. asteroides strain and discarded the previously used type strain. Their choice was based strictly on biochemical testing, as no molecular techniques, HPLC, or drug susceptibility tests were yet available. Unfortunately, isolates within the N. asteroides complex are largely asaccharolytic and are positive for the utilization of few biochemicals, making it difficult to select among strains. It is the major reason why isolates of the N. nova complex, N. farcinica, N. abscessus, N. paucivorans, and isolates of the N. transvalensis complex were not recognized and were misidentified in the early years (prior to the 1990s) as N. asteroides. Unfortunately, what appeared to Gordon and Mihm (7) as a typical strain phenotypically is anything but typical by more modern methods of strain comparison. Recent evaluations by fatty acid analysis (15) and, now, 16S rRNA gene sequencing have shown that the strain chosen by Gordon and Mihm (ATCC 19247 T ) is not representative of N. asteroides but represents a rare subgroup almost never seen clinically. The present study clearly helps to define this. The group within the N. asteroides complex closest taxonomically to ATCC 19247 T is the N. asteroides complex group with the type I drug susceptibility pattern, and the sequences of the two groups differ by 9 bp (1.8%) in the first 500 bp. Previous studies have shown that the largest group within the N. asteroides complex that has not been designated as another species (i.e., other than N. nova, N. farcinica, and members of the N. transvalensis complex) has the type VI drug susceptibility pattern. Members of this group represent about 60% of the clinical isolates within the N. asteroides complex in the United States (29) and are represented by reference strain ATCC 14759.
Recently, Yassin et al. (37) described a single Nocardia strain with a 16S rRNA gene sequence that differed from those of other reference strains. Those investigators named this strain N. cyriacigeorgica. Unfortunately, this strain was not compared to the other recognized but unnamed taxonomic groups within the N. asteroides complex. On the basis of the findings of the present study, it appears that N. cyriacigeorgica may be the same as the major unnamed group of isolates (i.e., type VI) within the N. asteroides complex. It is our opinion that Gordon and Mihm (7) and others intended for the type strain of Gordon and Mihm to represent the clinical isolates responsible for most cases of nocardiosis. In our opinion, Gordon and Mihm chose the wrong type strain. However, to accept other names for all of the subgroups within N. asteroides is to doom the long-standing name to obscurity, since it will no longer represent the group that it was intended to represent.
If further studies that include sequencing of the complete 16S rRNA gene and, it is hoped, DNA-DNA homology studies confirm that isolates with the type VI drug susceptibility pattern and N. cyriacigeorgica are the same taxon, two options seem to be available. One is to not accept N. cyriacigeorgica as the name for the type VI taxonomic group but to continue to call that group N. asteroides. A new type strain should be chosen, and we propose ATCC 14759 as a reasonable choice as a replacement for ATCC 19247 T . A second option would be to retain the new name N. cyriacigeorgica as well as N. asteriodes (the latter would refer to those isolates represented by ATCC 19247). Since ATCC 19247 T is indistinguishable from type VI N. cyriacigeorica isolates according to their drug susceptibility patterns, biochemical utilization patterns, and 65 hsp PRA patterns, one could continue to call members of these two taxa members of the N. asteroides complex when they are identified by nonsequencing methods in the clinical laboratory. Either option would retain isolates with the name N. asteroides as a major cause of clinical nocardiosis. However, if N. cyriacigeorgica is not the same as the type VI group, we propose that the type VI group be named N. asteroides, with selection of a new type strain. A review by taxonomic committees may be required to reach a decision on this issue.
Several taxonomic groups of Nocardia likely represent new species. As mentioned above, N. asteroides drug susceptibility pattern type I isolates probably belong to the newly described species N. abscessus. Other groups that may represent new species include N. asteroides drug susceptibility pattern type II isolates, three of the subgroups within the N. transvalensis complex, multiple strains of N. otitidiscaviarum, and, possibly, the present N. asteroides type strain, ATCC 19247. Complete 16S rRNA gene sequencing and DNA-DNA homology studies are ongoing to try to help resolve some of these issues.
A large number of new species of Nocardia not addressed in this study have recently been described primarily on the basis of differences in their 16S rRNA gene sequences. These include N. bejingensis (32) , N. pseudovaccini (13) , N. ignorata VOL. 42, 2004 SEQUENCE-BASED IDENTIFICATION OF AEROBIC ACTINOMYCETES 2539 (38) , N. uniformis (11) , N. crassostreae (6) , N. salmonicida (10) , N. africana (9) , and N. flavorosea (4) . The present study identified one clinical strain of N. paucivorans. It had a unique PRA pattern among the N. asteroides complex isolates with the type II drug susceptibility pattern. This pattern and the 16S sequence matched those of the present reference strain of N. paucivorans, ATCC BAA-278. This is the only clinical isolate of this new species that we have encountered, suggesting that it is very rare in the United States. Examples of the other species within the clinical Nocardia isolates were not identified. Sequence-based identification is becoming an increasingly important identification tool. Although the present cost of performing such tests limits its application in most clinical laboratories, it is a useful alternative for the identification of bacterial isolates that are slowly growing or for which specialized identification techniques are required. Our results indicate that sequencing of the 500-bp 16S rRNA gene provides enough information for the species-level identification of most aerobic actinomycetes. However, the accurate assignment of a species name with a sequence will depend upon the continued generation of sequences from well-characterized isolates and the deposition of these sequences in databases that are available to the public, as well as additional taxonomic studies to resolve the appropriate classification of presently unnamed species.
